Introduction
An emulsion consisting of oil droplets dispersed in an aqueous phase is called an oil-in-water (O/W) emulsion, 1 and is one of the most common forms of lipids in many foods, such as coffee creamers, mayonnaise, milk, salad dressing, etc. 2 Lipid oxidation in food results in off-flavors and toxic products due to the peroxidation of unsaturated fatty acids. 3, 4 Therefore, evaluating of lipid oxidation in emulsions is important to control the quality and safety of food.
Many studies on the mechanism of lipid oxidation in O/W emulsions have recently been performed. Lipid oxidation in emulsions occurs rapidly due to the huge surface area of the oil droplets in the emulsion, which facilitates interactions between the lipid and water-soluble pro-oxidants. 4 Several factors influence the rate of lipid oxidation, such as the fatty acid composition, temperature, the pH and ionic composition of the aqueous phase, the type and concentration of antioxidants, and the characteristics of the lipid droplets. [4] [5] [6] [7] [8] Several methods have been used to estimate the oxidation of lipid in an emulsion, including conjugated dienes, 5 the peroxide value (PV), 7 thiobarbituric acid (TBA) assays 6, 8 and chemiluminescence (CL) with luminol. [9] [10] [11] [12] [13] [14] Of these, the CL method has the advantages of sensitivity, simplicity, and rapidity to monitor the oxidation degree.
14 It is well-known that luminol reacts sensitively with reactive oxygen species (ROS) and lipid hydroperoxide generated during the oxidation of lipid with a catalyst. The CL method has been used to determine lipid hydroperoxide concentrations, 9 and to evaluate the in vitro and in vivo antioxidant activity of functional foods [10] [11] [12] as well as the Fe 2+ chelating effect. 13 Recently, Rolewski et al. reported a CL method for quantifying lipid hydroperoxide in emulsions of oils.
14 The components contributing to CL generation in the thermal oxidation of linseed oil were quantified using 13-(S)-hydroperoxy-9Z,11E-octadecadienoic acid as an external standard for hydroperoxide.
In this study, the luminol CL profiles of O/W emulsions during thermal oxidation (60 C) were examined to assess the degradation of the lipid in the emulsion. The relationship between the CL profile and results obtained using conventional methods, such as PV and TBA, was determined. Furthermore, the oxidation species were identified by adding reactive oxygen species (ROS) scavengers.
its preparations (A and B) for O/W emulsion (A and B), and sucrose stearic acid ester (RYOTO TM Sugar Ester S-1170; HLB 11) emulsifier were obtained from Mitsubishi-Kagaku Foods Co. (Kanagawa, Japan). Preparation A consisted of 85% canola oil and 15% emulsifiers, and preparation B was 40% canola oil, 55% sugar-alcohol and 5% emulsifiers. TBA, 1,1,3,3-tetraethoxypropane (TEP) and cumen hydroperoxide (CHP) were obtained from Tokyo Kasei Kogyo Co. (Tokyo, Japan). Luminol and Triton X-100 were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Tween 20 and FeCl2·4H2O were purchased from Nacalai Tesque (Tokyo, Japan). Distilled water was passed through a Pure Line WL21P system (Yamato Scientific Co., Tokyo, Japan). All other chemicals were of analytical grade. A standard stock solution of malondialdehyde (5 mM) for the TBA assay was prepared by dissolving TEP in H2O and storing at 4 C until analysis. 15 Preparation of O/W emulsion sample to measure the CL profile O/W emulsion was prepared by a modification of the Kiokias method. 5 A Q55 sonicator (55 W, WakenBTech Co., Kyoto, Japan) with a No. 4435 probe (114 × f6.4 mm) was used. Briefly, oil (80 mg, 0.2% final v/v) was added dropwise to distilled water (39.9 mL) containing an appropriate amount of emulsifier (8 mg, 0.02% final v/v). The reaction was conducted in a stainless-steel beaker and cooled with ice water, and the reaction mixture was sonicated throughout the addition process. Then, the suspension was sonicated for a further 10 min. Aliquots of the O/W emulsion were transferred to vials and autoxidized at 60 C in a water bath shaker (Thomastat T-22S, Thomas Kagaku Co., Tokyo, Japan).
The oil droplet sizes in the emulsions were measured using a Nano ZS Zetasizer (Marvern Instruments, Worcestershire, UK). Triplicate size measurements were performed 0 and 155 h after preparation of the emulsions.
Assay procedure for the CL method
The CL intensities of the O/W emulsions were measured using a modification of the Rolewski method.
14 In a test tube (70 × 10 mm, i.d.), 100 μL of sample after be cooling to ambient temperature was added to 100 μL of 25 μM luminol in 0.1 M borate buffer (pH 10) containing 5% MeOH and 0.025% Triton X-100. After vortex-mixing for 5 s, 100 μL of 75 μM K3[Fe(CN)6] in the borate buffer was added to the sample mixture. CL was measured for 120 s at room temperature using a Luminesensor PSN AB-2200 (Atto, Tokyo, Japan). Data obtained from triplicate measurements are shown as the mean ± standard deviation (SD) in the figures. The oxidation species was identified by adding 100 μL of a ROS quencher aqueous solution, such as CAT or SOD, to the emulsion. Descriptions concerning the optimization of the CL conditions with Fig. S1 are in the Supporting Information.
Assay procedure for determining the peroxide value (PV)
The peroxide value was measured using a modified Kargars method. 7 To 1500 μL of isooctane/isopropanol (3:1, v/v), 300 μL of a sample was added, vortex-mixed for 30 s, and centrifuged for 2 min at 650g. After removing 200 μL of the clear upper organic layer, 2800 μL of MeOH/1-butanol (2:1, v/v), 15 μL of 3.94 M ammonium thiocyanate solution and 15 μL of 72 mM FeCl2 solution were added. The mixture was incubated at room temperature for 20 min after 30 s of vortexmixing. The absorbance of the solution at 510 nm was measured using a UV mini-1240 (Shimadzu, Kyoto, Japan). The peroxide value was indicated as the concentration of CHP (mM).
TBA assay procedure
The thiobarbituric acid reactive substances (TBARS) value was measured using a modification of the Dimakous method. 8 Briefly, 700 μL of distilled water and 2 mL of TBA solution (prepared with 15 g trichloroacetic acid, 0.375 g TBA, 1.76 mL 12 M HCl and 82.9 mL H2O) were added to 300 μL of the sample solution, and vortex-mixed for 15 s. The mixture was heated in a boiling water bath for 15 min and then cooled at room temperature for 10 min. The sample was centrifuged for 15 min at 650g and the absorbance of the supernatant at 532 nm was measured. The TBARS value was quantified using a calibration curve generated using TEP.
Results and Discussion

Effect of the O/W emulsion conditions on the CL intensity
Emulsions were prepared using three different oils and two preparations (linseed oil, corn oil, canola oil and preparations (A and B)), the preparations comprised emulsifiers, sucrose stearic acid ester and Tween 20. Neither of the emulsifiers affected the CL intensity, but the emulsifier containing sucrose stearic acid ester precipitated after 120 h of incubation. Therefore, Tween 20 was selected as the emulsifier in following experiments. The droplet size of an emulsion prepared with 0.2% w/v linseed oil and 0.02% w/v Tween 20 after 0 and 155 h of oxidation was measured. The initial droplet size was 237.4 ± 5.5 nm (RSD = 2.3%), and the size after 155 h of oxidation was 199.3 ± 5.8 nm (RSD = 2.9%), indicating that the prepared emulsion was relatively stable during the oxidation process.
Oil droplets in food are typically between 0.1 -100 μm, 3, 4 suggesting that the emulsion used in this study might be an acceptable model for oil droplets in food.
The CL profiles of 5 different emulsions were monitored after 0, 40, 90 and 130 h of incubation. The incubation temperature of 60 C was adopted according to the literature. 5, 8 The emulsions were prepared with 0.2% w/v oil and 0.02% w/v Tween 20. As shown in Fig. S2 , the linseed oil emulsion showed an increasing CL intensity up to 40 h of incubation and decreased CL thereafter. The CL of corn oil also increased up to the last data point, 130 h, but no significant change in CL was observed for the other oils (canola oil, preparation A and preparation B). These observations are consistent with the high content ratio of polyunsaturated fatty acid in linseed and corn oil. 10, 16 Emulsions prepared with linseed oil were used as a model emulsion in following experiments because the earliest CL change by the emulsion was observed. Miyashita reported that emulsions prepared with a higher polyunsaturated fatty acid, such as arachidonic acid or docosahexaenoic acid, are more stable than emulsions prepared with a lower polyunsaturated fatty acid, 17, 18 perhaps due to a difference in the composition, since linolenic acid is the principal fatty acid in linseed oil. 10 The CL profiles of emulsions prepared with different final concentrations of linseed oil (0.02, 0.2, 2 and 10%) were monitored (Fig. S3) . The CL intensity of the 0.02, 0.2 and 2% emulsions increased immediately upon the start of incubation; the degree of subsequent decrease depended on the amount of oil in the suspension. However, the 10% emulsion showed a slight increase in CL after about 110 h for up to 180 h of incubation. This delay increase may be due to the turbidity of the emulsion. The 10% emulsion after 180 h incubation was diluted to 0.2, 0.5, 1, 2 and 5% with water. The highest linearity (r) of the CL intensity with the final concentrations of linseed oil in emulsion was obtained using less than 1% emulsions (r = 0.986), indicating that the proposed CL method can be applied to emulsions containing less than 1% oil without the need to dilute the sample.
It was previously reported that iron, a transition metal, accelerates lipid oxidation in emulsions by breaking down hydrogen peroxide and lipid peroxides by accelerating their decomposition into highly reactive peroxyl and alkoxyl radicals. 1, 6 Therefore, the effect of the addition of FeCl2 on the CL intensity was examined in order to shorten the incubation time required to estimate the stability of an emulsion towards thermal oxidation. A sufficient 12 mM FeCl2 aqueous solution was added to provide a final concentration of 10 μM in an emulsion comprising 0.2% w/v linseed oil and 0.02% w/v Tween 20. The addition of FeCl2 shortens the delay time and increases the CL intensity; the enhanced CL intensity was observed compared with in the absence of FeCl2 (Fig. S4) .
Relationship between CL and the PV or TBA methods
The accuracy of the CL profile method for estimating the degradation of emulsions was established by comparing the results obtained by the CL method with those obtained using the conventional PV and TBA methods. The results obtained from the PV and TBA methods reflect the amount of primary and secondary oxidative products. 5 Figure 1(A) shows a comparison of the CL intensity and the CHP concentration (mM, as PV). Both values increased immediately upon the start of incubation, and became maximum after 50 h of incubation, and then decreased. Figure 1(B) shows a comparison of the CL intensity and the TBARS concentration (μM). Here also, both CL and TBARS increased immediately after the start of incubation, and became maximum after 60 (TBARS) or 70 h (CL intensity) of incubation. These behaviors of the values might be related to peroxidation of lipids in the emulsion. The results indicate that the CL method is applicable for estimating the oil oxidizing of an emulsion in the thermal oxidation. A previous report also showed a good correlation between the CL intensity and the results obtained by the PV and TBA methods using emulsions after 0 -24 h of 60 C incubation, 14 consistent with the present study.
Identification of oxidation species contributing to CL
To identify which oxidation species contribute to the CL intensity, several scavengers were separately added to the emulsion (0.2% w/v linseed oil and 0.02% w/v Tween 20) before beginning CL measurements. Since ROS generation during the peroxidation of lipids in emulsion was expected, representative ROS scavengers, such as CAT and SOD, were used. CAT quenches H2O2, but at 67.5 and 250 U/mL had no influence on the CL intensity. (Fig. S5(A) ). In contrast, the addition of SOD, which scavenges O2 -selectively, at 7.8 and 19.5 U/mL depressed CL throughout the time course (160 h; Fig. S5(B) ), indicating that the observed CL during thermal oxidation was caused by O2 -. It is well-known that luminol can react with many ROS and lipid hydroperoxides [10] [11] [12] [13] [14] in emulsion systems, due to the following reasons:
1) luminol has a higher reaction yield in the presence of O2 -; 2) there are higher amounts of O2 -in the emulsion compared with other oxidation species.
These may be the main reasons that contribute to the CL generated in this study, but, there is no information available to suggest which reason is more likely.
In conclusion, monitoring the CL profile using luminol-K3[Fe(CN)6] is useful to estimate the degradation of an O/W emulsion during oxidation. The method is simple and rapid, in contrast to the conventional methods. This method might be useful for evaluating the antioxidative activity of food additives on emulsions. Furthermore, it was clarified that the CL profile mirrors the generation of O2 -in the emulsion.
Supporting Information
The descriptions concerning the optimization of the CL conditions with Fig. S1 , CL profiles of 5 oils (n = 3, Fig. S2 ), effect of the oil concentration in the emulsions on the CL intensity (Fig. S3) , effect of Fe 2+ in the emulsion on the CL intensity (n = 3, Fig. S4 ) and the effects of ROS scavengers on the CL intensity (n = 3, Fig. S5 ) are in the material. This material is available free of charge on the Web at http://www. jsac.or.jp/analsci/.
